In this paper we propose a time-variant photonic crystal, which can be formed by a stream of wave-length-scale microdroplets flowing through a microfluidic channel. The functionality stems from the photonic bandgap generated from the 1D periodic perturbation of refractive index. The periodicity, volume fraction and composition of both the dispersed and the continuous phases can be conveniently tuned in real time by hydrodynamic or pneumatic methods. By simulation, it is found that the timevariant nature of the proposed structure can induce an abnormal energy evolution, which is distinct from any existing photonic crystal structures. As a basic component for optofluidic systems, the droplet-based photonic crystal may find potential applications in light modulation and light confinement, and could be an ideal model for pursuing physical insights into time-variant optofluidic systems. 
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Introduction
Optofluidics is an emerging field that holds strong promises to revitalize many conventional systems and to enable new functionalities [1] [2] [3] . On one hand, it introduces optical means of maneuverings and sensing of microfluids, as well as particles, analytes therein [4] [5] [6] [7] [8] ; on the other hand, it adds reconfigurability, tunability, and a full gamut of compositional options (mainly about refractive indices) into integrated optics [9] [10] [11] [12] [13] [14] [15] [16] [17] . In the case of light manipulation, laminar flows have been used for a long time [9] . For flows confined within micrometer scale, viscous forces dominate over inertial forces (as indicated by a low Reynolds number), thus the multiphase microflows never mix violently (as that in turbulent flow) but only diffuse a little into each other, which can be precisely controlled by the flow rate. A large variety of devices have been implemented based on this principle, such as optical switches [9, 10] , liquid waveguides [9, 11] , prisms [12] , resonators and dye lasers [13] [14] [15] . Gradient-index materials can also be realized in microfluidic systems, which cannot be easily produced in solid state systems [16, 17] .
The major limitation of continuous flow is the number of functions it can undertake, which is restricted by the channel geometry adopted a priori. In droplet microfluidics however, enabled by discrete volumes separated by immiscible phases, multiple functions can be cascaded along the channel geometry (that's why it is also called "digital microfluidics") [18] [19] [20] . A typical demonstration of this property is the bubble logic, where bubbles experience selective splitting or combination along complex channel structures, which is analogue to digital signals in AND/OR gates [21] . Moreover, many properties such as size, shape, monodispersity, periodicity can be finely controlled by simple T-junction [22] or flow-focusing methods [23] . Droplets thus generated can also be processed into a series of splitting, combination or mixes to provide more versatility [21, [24] [25] [26] . This platform can provide femto-to pico-liter environments for important chemical reactions, synthesis and encapsulation of biomolecules, drug delivery, etc [18] [19] [20] .
All the benefits mentioned above have heralded a bright prospect in synergy of droplets and optics. Actually, in some designs, droplet lenses with tunable interfacial surfaces have been built [27] . Other researchers have developed droplet-based optical gratings which can be applied in Michelson interferometer and optical sensors [28] [29] [30] . Besides, by exploiting the flowing feature of the droplets, a multi-color fast-switching dye laser has been constructed [31] . Despite of these interesting results, there is still plenty of room for development of droplet-based optofluidic systems. For example, droplets formed in microchannels (either by Tjunction methods or flow-focusing method) are inherently periodic, a feature that is analogue to 1D photonic crystals (and hence some similar behaviors like photonic bandgaps and defect tunneling). However, technical difficulties in generation of ultra-small wavelength-scale droplets have impeded the burgeoning of this area. Recently, Castro-Hernandez et al. reported a method for controllable microbubble generation with diameters less than 5µm and polydispersity indices below 5% [32] . Surfactants-assisted oil-phase nanodroplets have also been reported [33] [34] [35] . With the aid of the fast development in digital microfluids from medicine requirements, one can predict a continuous miniaturization of droplets, which could make it possible to construct practically useful optofluidic systems [36] [37] [38] .
In this article, we propose the idea of employing periodically aligned droplets to form photonic crystals with a flowing nature (which we may call it as time-variant photonic crystal (TvPC)). Our simulations demonstrate that such system exhibit interesting optical behaviors which can be tuned by changing the droplet shape, configuration, volume fraction and so on. Optical modulation as well as dynamic light confinements is also discussed. Figure 1 shows a schematic illustration for the proposed droplet-based 1D photonic crystal (PC) waveguide. The microchannel is bent in a U-shaped structure, where light can be guided in at one end, and guided out at the other. In a typical microfluidic waveguide, light transmits through the fluids by index-guiding (when fluids have a higher refractive index (RI) than its cladding) [9, 39] . In our case, a stream of microdroplets distributed periodically is injected to flow through the channel, either by flow-focusing or T-junction methods. The periodic perturbations of RI therefore bring in a photonic bandgap, as discussed below. The general wave field in the droplet-infused waveguide can be described as [40]:
Models and theories

Droplet-based 1D photonic crystal
where n(x) = n(x + R) describes the periodic RI change in the waveguide, k is the wave vector along the channel, R is the spatial period of RI, ω is angular frequency, E k (x) is the electric wave function. Figure 2 illustrated different dispersion curves of the two waveguides, the latter of which correspond to droplet-based 1D PCs. One can see obviously the splitting of guided modes caused by the perturbation introduced by microdroplets, while the gap width is directly related to the RI contrast. 
FDTD analysis on the transmission properties
2D FDTD method [41] has been performed to investigate the transmission property of the TvPC structure, using a freely available software package [42] . The model is constructed as described in Fig. 3(a) . The microchannel is defined to be of width a (hereinafter we take a to be the unit length to avoid specified units), while PDMS of thickness 0.2a are defined aside the edges of the channel, as cladding walls [43] . Perfect matched layers (PML) are assumed at the boundaries to resemble an electromagnetic open environment. To provide some practical guidance, we take the continuous phase to be carbon disulfide (CS 2 ) with RI of 1.628 since it is transparent in certain infrared window [43] . Dispersed phase is chosen to be microbubbles (RI = 1) due to its relative high RI contrast against the liquid media. The lengths of the microbubbles are 1.4a, and the spatial period R between two bubbles is 2.6a. Curved two-phase interfaces are also considered. The contact angle between bubbles and PDMS wall is set to be 45°.
As demonstrated in Fig. 3(a) , when the numerical process is launched, the waveguide is excited outside the left end of the channel by a light source. The transmittance therefore can be detected at the observer point. The source is actually taken to be Gaussian-like, TEpolarized and with a beamwidth equal to the channel width a. The transmittance is calculated as the ratio between transmitted and incident electric flux of the TvPC waveguide, as
where dl means to integrate along the end cross section at the observer point, E is the E-field recorded at the observer point of TvPC, and E 0 is the E-field for reference which approximately equals to the incident field. Practically it is taken to be the transmitted E-field for an empty waveguide without microbubbles, as shown in Fig. 3(b) . Figure 3(c) shows the calculated transmittance derived as stated above. Despite the impairments caused by curved two-phase interfaces and cladding walls, the bandgap remains prominent as those derived from 1D PC theory (one centred at 0.17c/a, and the other centred at 0.31c/a, where c is the speed of light in vacuum). It is obvious that, when microbubbles are present, the transmission is blocked at the frequency of interest, forming a photonic bandgap. Unlike conventional solid-state PCs, the proposed structure is highly reconfigurable that, the bandgap is always ready for change, which can be conveniently controlled by altering compositions or flow rates in the microfluidic channel.
Results and discussions
Energy evolution in droplet-based TvPC
What is most interesting is the flowing nature of the distribution of microdroplets, which introduces time-variant properties that have not been observed in existing solid-state PCs [44] [45] [46] . In the proposed TvPC, the RI distribution is actually a function of time t, as n(x,t) = n(x-R,t-T), where R is the spatial period (i.e., the distance between two adjacent microdroplets), T = R/v is the time period for a TvPC to restore its configuration as the stream of microdroplets flows forward, and v is the speed of flow. Therefore, as in the model defined in the former section, the distribution of microbubbles will be different at different times in a period T. Since the electromagnetic energy tends to concentrate at high RI region (where microbubbles are absent) [40], the energy distribution rolls periodically as time goes. To explore the properties discussed above, we have calculated the energy distributions under different conditions. First we consider the situation in a finite TvPC waveguide, with 12 microbubbles aligned periodically in the microchannel, as shown in Fig. 4(a) . The two graphs are generated at different frequency points, which correspond to the 1st and the 2nd order waveguide mode, respectively. At the 1st order waveguide mode, the wavelength of the light is generally the double of the bubble period R. In this case, electromagnetic energies do concentrate at high RI index as predicted, except at regions near the end of the channel. At the 2nd order waveguide mode however, the concentration of energy is blurred, mainly at the edges of microbubbles, since there are two amplitude peaks between adjacent bubbles for light of wavelength equals to R. Figure 4(b) -(e) show energy distribution in an infinite TvPC waveguide at different times in a time period T. As bubbles flow through the channel, it is obvious that the energy concentration evolves (as indicated by the dashed arrows), and hence experiences a periodic modulation (the peculiarity of this phenomenon will be demonstrated later).
General features
We then consider the influence induced by the droplet sizes and the solute analytes. At first the effects of different droplet sizes are considered. Figure 5 shows that the optimal length of microbubbles is 1.2a, where the bandwidth is the widest and the gap depth is −46dB. As this length grows, the gap frequency shifts to higher because the effective RI gets smaller. However, when the bubble fraction is too large to maintain a significant RI contrast, the bandgap vanishes completely. Practically, the average size of microbubbles can be determined by flow rate and viscosities, as dµ(
, where β ranges from 0.3 to 0.5 under different conditions [32], Q g and Q l indicate the gas and liquid flow rates, µ g and µ l are gas and liquid viscosities, respectively. It means this bandgap feature is quite agile to the rate and viscosity of the microfluidic configurations, which may provide many functions such as flow control calibration [47] . Slight RI changes can be caused by solute analytes or other gradients incorporated in the microfluids. Sensitivities to such changes have been adopted in many chemical sensor applications [48] . The same effect is also considered in droplet-based TvPCs. As shown in Fig. 6 , the resultant shift of transmission spectra is fairly prominent. It is obvious that the center frequency of the bandgap increases as the RI decreases.
Light modulation by droplet-based TvPC
The possible modulation of light was also investigated. As explained earlier, the time-variant nature of the droplet-based PC inevitably brings in an energy evolution, which can be directly observed at the output end of the waveguide. In our models, we consider a TvPC where a stream of 9 bubbles is formed periodically aligned along a U-shape microchannel (geometries are the same as described in section 2.2). If the flow speed is v, then it takes T = 2.6a/v for the TvPC to restore its configuration, and 1.4a/v for a microbubble to pass over. It is obvious that, the energy experiences a periodic modulation as the TvPC flows and restores. However, the exact conditions within a period T are rather complicated. Figure 7 (a) demonstrates 4 snapshots of energy distributions at the output end of the TvPC, from which we can try to explain the modulation behavior in a phenomenological way. From the pictures, we can see the operating frequency considered at this time is within the 2nd waveguide mode, since there are two concentration points between adjacent microbubbles. Both of them are located at the interfaces between bubbles and liquids. Intuitively, since the light tends to concentrate at interfaces, the output transmittance will be enhanced when a bubble is closely approaching the corner point or has just left there and turned downwards. As assumed in the pictures, at t = 0, the distance for the closest bubble to meet the corner point is about 1.3a. At this distance there are no concentration points covering the channel edge, thus the intensity at the edge is dilute. After a short period of T/4, the border of the bubble meets the corner point, while taking along the concentration point at the interface; hence the transmittance increases. At t = T/2, the bubble is leaving the corner point; just one half of it is within the light path; hence the transmittance decreases again. The last condition at t = 3T/4 is very similar to that at T/4. Finally, after a time of T, the TvPC restores its original state, and then starts a new cycle. The calculated transmittance spectra at t = 0, t = T/4, t = T/2 and t = 3T/4 are plotted in Fig. 7(b) . The dashed red line marks the frequency f 1 = 0.31c/a, which is just the frequency adopted in energy plotting in Fig. 7(a) . It is obviously seen in this picture that, at different frequencies, the output transmittances change their values following different routes. Particularly, the transmittances at bandedge points oscillate most heavily. However, since the basic periodicity and bubble sizes do not change, the bandgap features, i.e., the center frequency and bandwidth remain unchanged as time evolves.
To illustrate the overall light modulation, we have studied 13 models with different bubble distributions within a time period T. The transmittances as a function of time are plotted in Fig. 7(c) at two frequencies, f 1 = c/a, and f 2 = 0.33c/a. "M-shaped" waveforms are clearly seen in both graphs, where the maximum values at the shoulders of the "M" correspond exactly to the two concentration points between adjacent microbubbles.
A prominent advantage in this method of light modulation is that, the period of modulation T = R/v, is directly related to the geometry of bubbles and flow rate, which can be easily tuned hydraulically [24, 49, 50] , and controlled in real-time.
Static and dynamic light confinements in TvPC
The as-proposed droplet-based TvPC waveguide is also investigated when defects are introduced. Just as in 1D solid-state PCs, if there is a defect in a photonic crystal, the electromagnetic wave at certain frequencies will be confined in the defect and excite a defect mode which can tunnel energy through the photonic crystal [43, 44] . In droplet-based TvPCs, a defect can be generated by either a larger bubble or a longer liquid section. Static defects can be stabilized by a nano-sized resistive heater [51] , or a laser induced method [52, 53] , while dynamic defects can be generated and controlled hydraulically [24, 49] , or pneumatically [54, 55] . Figure 8 shows the relationship between defect lengths and defect mode frequencies. As shown in Fig. 8(a) , the model we study now are almost the same with the models described earlier, except the bubble length is changed to 1.2a. Besides, a longer liquid section is present at the center of the TvPC waveguide, with a defect length d defined to be the distance between the two bubbles closest to the center. The three pictures demonstrate three different structures with d = 2.8a-3.6a. Figure 8(b) shows the transmission spectra of the defective TvPC waveguide with different defect lengths as indicated in Fig. 8(a) , where the shifts of the defect mode are indicated by dashed arrows. Figure 8(c) shows that the defect mode frequency obeys a negative linear relationship with the defect length. This property actually can be applied in optical components like frequency-tunable filter. Now we discuss a unique property that has never been observed in any existing solid-state PCs, the dynamic defects. This time, the defect length d is set fixed as 3.2a. However, the position of the defect is not fixed. In this scenario, the longer liquid section is generated elsewhere before the stream of microbubbles enters into the U-shaped TvPC waveguide. Figure  9 (a) is the energy distribution in the waveguide at different times, where t = 0 corresponds to the time when the defect is located between the first two bubbles at the left end, and T is still the time period for a non-defective TvPC to restore. Not surprisingly, there is an obvious light confinement in the defect area. Accordingly, the transmission spectrum at the output end reveals a defect mode (Fig. 9(b) ). Along with the movement of the stream of microbubbles, the confined light also moves towards the right end, as time goes by. However, the frequency of defect mode does not change, because of the fixed defect length.
Besides, from Fig. 9 (a) one can also see that, the amplitude of the light confinement diminishes quickly as the defect approaches the right end. Since the light source is located at the left side, the defect mode is harder to be excited when it is too far. However, the transmittance does not diminish in accordance. In Fig. 9(b) , we can observe that the transmittance at the defect mode achieve its "maximum" at t = 4.5T, when the defect is at the center of the TvPC. This can be explained by coupled cavity theory -the tunneling effect achieve its maximum value when the two attenuation coefficients τ 1 and τ 2 are equal to each other, where τ 1 and τ 2 correspond to different attenuation rates to the left and right exterior region, respectively [40] .
The transmittance at the defect mode frequency as a function of time (from 0 to 9T) is shown in Fig. 9(c) . The diagram actually revealed a saw-teeth-shaped pulse signal, corresponding to the passing through of the defect made by the longer liquid section. Additionally, the curve is heavily modulated by "M-shaped" fluctuations, which are caused by single bubbles as discussed previously. Such effect is prominent in Fig. 9(c) , it shifts the maximum transmittance to t = 4T and 5T instead of the ideal position t = 4.5T.
Conclusion
In this work, we have proposed the concept of time-variant photonic crystals, which not only offers total reconfigurability, but also introduces new features, like time-variant refractive index, and evolution of energy distribution. As one of the possible realizations, a U-shaped droplet-based 1D TvPC waveguide has been proposed. We have also investigated the effects of droplet sizes and compositions in this structure. Besides, some practical designs, like light modulation by the evolution of energy distribution, and light confinement by static or dynamic defects have also been discussed.
Since the features of the TvPCs, particularly the nature of flowing, are not present in any solid-state photonics, the TvPCs make open up new applications of optofluidics. We hope this work will inspire further research on theoretical and experimental studies of dynamic optofluidics.
